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Investigation of the kinetic and mass transport
limitations in thermoelectrochemical cells with
diﬀerent electrode materials†
Theodore J. Abraham,a Naoki Tachikawa,a Douglas R. MacFarlanea and
Jennifer M. Pringle*b
Thermoelectrochemical cells (TECs) have the potential to oﬀer a continuous renewable electricity supply from
a variety of thermal energy sources. Because of the thermal gradient, the device characteristics are a complex
function of temperature dependent electrolyte transport properties, electrode electro-catalytic properties and
the Seebeck coeﬃcient of the redox couple. Understanding the interplay between these functions is critical to
identifying the limiting factors that need to be overcome to produce more advanced devices. Thus, in this
work we have developed a theoretical model for TECs and have measured a range of properties required by
the model. We focused attention on the Con(bpy)3(NTf2)n in a [C2mim][B(CN)4] ionic liquid electrolyte as one
of the optimal systems for >100 1C operation. The exchange current densities on a range of electrode
materials were measured in order to explore the role of electrode function in the simulation. Alternatives to
platinum electrodes (maximum output power, Pmax = 183 mW m
2), including platinized stainless steel, Pt-SS
(Pmax = 188 mW m
2) and poly(3,4-ethylenedioxythiophene) deposited on stainless steel, PEDOT-SS (Pmax =
179 mW m2), were shown to be viable options. From the simulations we conclude that for further
development of ionic liquid TECs, modifications to the redox couple to increase the Seebeck coeﬃcient, and
increasing the rate of diﬀusion of the redox couple to minimize mass transport resistance, will yield the
greatest improvements in device performance.
Introduction
Thermoelectrochemical energy is derived from the non-invasive
conversion of thermal energy into electrical energy via the
electrochemical analogue of the thermoelectric eﬀect. Thermal
energy is often wasted as it is released to the surroundings.
Thermoelectrochemical technologies can target this source of
energy, where readily available, providing an alternative source
of renewable energy generation. Research into liquid electrolyte-
based thermoelectrochemical cells has been described in the
past,1–3 but has become of increasing interest again in recent
years.4–15 In a field dominated by solid-state semiconductor
thermoelectric systems,16–18 the simple design, low cost and
architectural flexibility of liquid redox electrolyte systems is the
basis of this newfound attention. Furthermore, the Seebeck
coefficient of redox couples in electrolytes are generally higher
than those of semiconductor systems: the benchmark
electrolyte is aqueous 0.4 M ferri/ferrocyanide, which has an Se
of 1.4 mV K1,1 compared to superlattice nanostructured
materials that presently have maximum Se values at o200 1C
of around 0.1–0.2 mV K1.17 In redox electrolyte systems, the
Seebeck coefficient, Se, is given by the temperature dependence
of the redox potential, dV/dT.1,3,4,8–13,19
Aqueous based thermoelectrochemical devices incorporating
high surface area carbon nanotube electrodes,4,8 or reduced
graphene oxide electrodes,6 have shown promising power
densities. However, possible problems arise from the thermal
limitations of the aqueous electrolyte, with the utility of these
devices restricted to harnessing thermal energy below 100 1C.
As an alternative, the use of ionic liquids or molten salts as
electrolytes in thermoelectrochemical devices was first discussed by
Chum and Osteryoung,1 and the Seebeck coeﬃcient of a range of
redox couples in ionic liquids subsequently investigated.5,9,10,12
However, it was not until recently14,20 that the performance of
full ionic liquid-based thermoelectrochemical cells (TECs) were
described. In our recent report,14 we introduced a high Seebeck
coeﬃcient ionic liquid electrolyte system using a cobalt-based
redox couple that showed the best performance to-date in a
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thermoelectrochemical device. However, the use of platinum
and platinum black electrodes in that work constrains any
commercialization of such a technology, due to the high costs
of the metal, and therefore the development of viable alternative
electrode materials is necessary. In this work, a range of diﬀerent
electrode materials were assessed and their impact on the device
parameters investigated. Stainless steel electrodes were treated
with hexachloroplatinic acid,21 to produce platinized stainless
steel electrodes. The performance of both stainless steel and
platinum electrodes with a layer of poly(3,4-ethylenedioxythio-
phene), PEDOT, on them was also investigated. PEDOT is known
to be stable and electrochemically active22,23 and capable of
performing comparably to platinum electrodes in a number of
electrochemical applications.24 The PEDOT films were synthe-
sized by vapour phase polymerization as this can produce higher
conductivity, stability and porosity.25 Thermoelectrochemical device
characteristics were assessed using the top performing electrolyte
system from our previous work, the 0.1 M Con(bpy)3(NTf2)n in
[C2mim][B(CN)4],
14 with the diﬀerent electrode materials, and the
maximum output powers and current densities compared. In order
to understand the interplay between electrode kinetics and any
limitations of redox couple transport, an electrochemical theory
based model was developed that is capable of predicting the
performance of the thermoelectrochemical device. We show that
it is possible to simulate the performance of the cell to a useful
degree of accuracy given knowledge of the basic electro-kinetic and
transport properties of the materials. From this model it is possible
to understand the interplay between the transport, thermodynamic
and kinetic properties that together govern the performance of
these cells and thereby deduce where further improvements in
performance can be derived.
Experimental
Electrolyte preparation
The ionic liquid electrolyte, 1-ethyl-3-methylimidazolium tetra-
cyanoborate, [C2mim][B(CN)4], was purchased fromMerck and used
as received. The redox couple, tris(bipyridyl)cobalt(II) bis(trifluoro-
methanesulfonyl)amide, CoII(bpy)3(NTf2)2, and tris(bipyridyl)-
cobalt(III) bis(trifluoromethanesulfonyl)amide, CoIII(bpy)3(NTf2)3,
were synthesized as described in our previous work.14
Electrode preparation
Platinum (Pt) and stainless steel (SS) electrodes were polished
with 0.3 mm alumina powder before each measurement or
before deposition of the electrocatalyst layer.
Platinum black (Pt Black) electrodes were prepared by
electrodeposition of platinum onto the platinum disc electro-
des. The platinum electrode was submerged in a 0.01 M hexa-
chloroplatinic acid solution in 0.5 M H2SO4 and a potential of
0.9 V was applied for 20 minutes. The electrode was then
rinsed with ethanol and dried in air.
Platinized stainless steel (Pt-SS) electrodes were prepared
by spreading 2 drops of 0.01 M chloroplatinic acid in ethanol
onto the stainless steel discs and heating them at 450 1C for
15 minutes in air. This was repeated twice to ensure a suﬃcient
coating of platinum and then the electrodes were washed with
ethanol and dried in air.
Poly(3,4-ethylenedioxythiophene) coated Pt and stainless
steel electrodes (PEDOT-Pt and PEDOT-SS) were prepared by
vapour phase polymerization.25 3,4-Ethylenedioxythiophene
(Sigma-Aldrich) was placed in a desiccator in a 70 1C oven for
15 minutes. An oxidant solution of 1.0 mL Fe(III) para-
toluenesulfonate (40% solution in n-butanol, Yacoo Chemical
Reagent Co. Ltd) and 0.023 mL of pyridine (Sigma-Aldrich) was
spin-coated onto the electrode under nitrogen, spinning at
1500 r.p.m. for 30 seconds. The electrode was then placed in
the desiccator containing the monomer, in the 70 1C oven, for
40 minutes. The electrodes were then washed gently with
ethanol, soaked in ethanol overnight and dried in air.
Carbon electrode materials similar to those described by
Baughman4 and Romano6 were attached to the disc electrodes with
carbon adhesive tape. However, they showed poor reproducibility
and exhibited temperature losses across the electrode/carbon
materials and interface. Adjustments to the present device
design are needed to properly study these carbon materials as
improvements in the thermal contact between the heaters and
the carbon electrode materials are required.
Thermoelectrochemical cell apparatus
Power measurements were performed using a custom designed
cylindrical cell, described in our previous work.14,20 Two circular
metal electrodes (18 mm diameter) were separated by a 12 mm
cylinder insert with 9 mm internal diameter. The insert was
designed with a groove to hold a Pt RTD probe with ceramic body,
to make direct contact with the front surface of each Pt electrode.
This assures accurate measurements of the temperature diﬀerence
across the cell. Polyimide Thermofoilt heaters were attached to
the back of the electrodes and controlled using a custom-made
temperature controller connected to the temperature sensors and a
power supply. The electrolyte was injected into the cylinder through
a hole in the side, which was then sealed. The whole cell was placed
onto dry ice, to allow full control of the temperature of the
electrodes by heating them using the temperature controller.
Voltage measurements were taken after 30 minutes equilibration
at VOC at the required Thot/Tcold. At each resistance, the system was
equilibrated for 15 minutes and then 30 data points collected over
300 seconds. This allows the temperature, concentration profile
and potential diﬀerence to reach steady-state.
Electrochemical impedance spectroscopy
Impedance measurements were performed using a Biologic
VMP3/Z multi-channel potentiostat. To estimate the charge
transfer resistance, Rct, of the redox reaction at each tempera-
ture, electrochemical impedance spectroscopy was performed
using the thermoelectrochemical cell with the two electrodes
held at a same temperature (isothermal conditions). Measure-
ments were made from 30 1C to 130 1C in 10 1C steps. The
semicircle in the Nyquist plot was observed, and half of the
diameter of the semicircle was assigned to the Rct of the single
electrode. Each impedance spectrum was acquired using a
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5 mV a.c. perturbation versus the cell open-circuit voltage.
The a.c. frequency was varied from 500 kHz to 2 Hz for each
temperature. Solution resistance, Rsol, of the thermoelectro-
chemical cell was measured at Thot/Tcold = 130 1C/60 1C. Impedance
spectra were fitted to equivalent circuits using ZSimpWin
(Princeton Applied Research).
Results and discussion
Device measurements as a function of electrode materials
For the TEC measurements, our top performing ionic liquid
electrolyte, 0.1 M Con(bpy)3(NTf2)n in [C2mim][B(CN)4],
14 was
employed while varying the electrode material. Based on our
previous investigations,14 a temperature diﬀerence of Thot/Tcold =
130 1C/60 1C was used for all measurements. By investigating the
power–potential difference and current–potential difference plots
from the TEC measurements as a function of electrode material,
one can qualitatively understand the limiting factors in the different
TECs. The magnitude of power output is the simplest measure of
performance, while the slope of the current–potential plot near the
open circuit potential, Voc, also highlights more complex electrode
kinetic differences arising from the electrode.
The current–potential relationship of each electrode mate-
rial (Fig. 1) illustrates the differences in catalytic activity and
performance. The significant difference in slope for the TEC
with stainless steel (SS) electrodes, compared to the other
devices, indicates the relatively low catalytic activity of SS and
therefore higher charge transfer resistance, Rct, and lower
exchange currents, io. The other TECs exhibit similar current–
potential behavior to one another (Fig. 1), which implies
similar overall catalytic activity of the electrodes. These limita-
tions and differences cannot be further quantified from the
data presented in Fig. 1, as a combination of solution, mass
transfer and charge transfer overpotentials may all contribute
to the measured response. A simulation model described later
in the paper assists in unpacking these effects.
The average Seebeck coeﬃcient from the TEC measure-
ments with the diﬀerent electrodes (Table 1) is 1.6 mV K1,
consistent with our previous report.14 The variation between
the measured Se values with the diﬀerent electrodes is likely a
reflection of diﬀerences in the thermal conductivity of the
electrode materials, which result in small variations in the
actual thermal gradient across the cell. The eﬀect on the
performance of the TECs as a result of changing the electrode
material is evident when comparing maximum power outputs
of the devices (Table 1). The TEC devices with catalytically
active electrodes (PEDOT, Pt, Pt Black) had the highest output
powers, ranging from 180–240 mW m2, while those utilizing
the non-catalytic SS electrodes produced a Pmax of 54 mW m
2.
The poorer performance of the SS is possibly due to the slow
electrode kinetics observed in Fig. 1. When the SS electrodes
were platinized with hexachloroplatinic acid the devices
showed similar performance (Pmax = 188 mW m
2) to those
with platinum disc electrodes (Pmax = 183 mW m
2). This is
advantageous as it both decreases the cost of the electrode
material, by decreasing the amount of platinum used, and also
increases the stability of the SS. Furthermore, the improve-
ments in stability and output powers were also observed upon
the deposition of other catalytic materials to the SS surface, e.g.
PEDOT-SS (Pmax = 179 mW m
2).
To gain an understanding of the various sources of over-
potential in the TECs, and the changes in behavior resulting
from the diﬀerent electrodes, one must quantify the factors
aﬀecting the electrode reaction rate and therefore the current.
Mass-transfer, charge-transfer and ohmic overpotentials can all
limit the current density of the device, and these can be
represented by a series of resistances (mass transfer, Rmt,
charge transfer, Rct, and solution, Rsol) for each of the oxidized
and reduced species.26
Mass transfer resistance is expressed as:
Rmt ¼ RT
nF ilimj j
where R is the gas constant, T is the absolute temperature, n is
the number of electrons, F is the Faraday constant and |ilim| is
the limiting current.26 To obtain the mass transfer resistance
one must first quantify the steady state diﬀusion limited current:
ilim ¼ nFADcd
where A is the active electrode area, D is the diﬀusion coeﬃcient
of the electroactive species, c is the concentration of electroactive
species, and d is the thickness of the diﬀusion layer at the
electrode.26 With parallel electrode geometry such as in the cell
Fig. 1 The current–potential difference plots from thermoelectrochem-
ical device measurements using different electrode materials: Pt Black ( ),
PEDOT-Pt ( ) Pt ( ), Pt-SS (), PEDOT-SS ( ), and SS ( ). Thot/Tcold =
130 1C/60 1C.
Table 1 Maximum output power and Seebeck coeﬃcient, Se, from the
TEC devices: Thot/Tcold = 130 1C/60 1C
Electrode Pmax (mW m
2) Se (mV K
1)  5%
Pt Black 240 1.8
PEDOT-Pt 233 1.7
Pt-SS 188 1.6
Pt 183 1.6
PEDOT-SS 179 1.5
SS 54 1.5
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used here, the maximal value of d is the inter-electrode spacing.
However, convection is known to decrease the thickness of the
diﬀusive layer.27 The temperature gradient in the TECs produces
thermal convection across the device and therefore it is likely
that the diﬀusion layer thickness is less than the inter-electrode
spacing. We have used this as a semi-adjustable parameter in
this work. In our previous paper,14 we measured the diﬀusion
coeﬃcients of the Co(bpy)3
2+/3+ redox couple in [C2mim][B(CN)4],
from which we can estimate ilim of the reduced form, ilim,anodic,
and the oxidized form, ilim,cathodic, and thereby Rmt on each of the
electrodes of the TEC. The Co(bpy)3(NTf2)n redox couple under-
goes oxidation at the cold electrode (i.e. the anode) and
reduction at the hot electrode (i.e. the cathode), because it has
a positive Se.‡ Therefore, the limiting current of the overall
device will be with respect to ilim,anodic, which was calculated to
be0.67 mA cm2 at 60 1C, assuming a diﬀusion layer thickness
of 60 mm. ilim is a function of the electrolyte and common to all
of the electrodes investigated here.
For a one step, one electron process, the charge transfer
resistance, Rct, is related to the exchange current, io, as follows:
Rct ¼ RT
Fio
The exchange current is related to the standard reaction rate, ko,
which is dependent on the electrode material and redox species:
io ¼ FAkoc 1að ÞO caR
where cO and c

R are the concentration of oxidized and reduced
redox species in the bulk electrolyte, respectively, and a is the
transfer coeﬃcient.26 Fast electrode redox reaction rates corre-
spond to small charge transfer resistances (or impedances) and
high exchange currents, while slow electrode redox reaction
rates correspond to high charge transfer resistances and low
exchange currents. Electrochemical impedance spectroscopy,
EIS, was used to measure the charge transfer resistances of the
diﬀerent electrodes in the TEC (Fig. S1 and S2, ESI†). Also from
EIS measurements, Rsol was determined to be 60 ohms at
Thot/Tcold = 130 1C/60 1C.
26
Using EIS measurements we have determined the tempera-
ture dependence of Rct and io for the diﬀerent electrode
materials. Table 2 lists Rct and io for the electrodes from
isothermal EIS measurements at 60 1C and at 130 1C (the Tcold
and Thot, respectively, used in the operating TEC in this work).
Some Rct values are very small and therefore below the limit of
the measurement; these are reported aso1. It is clear that the
catalytic activity of Pt and PEDOT-based electrodes result in a
low Rct and relatively high exchange currents, indicative of good
electrocatalytic activity. In all cases except the SS electrodes, the
exchange currents are substantially higher than the mass
transfer limiting current and therefore it is qualitatively
expected that the device is limited by the latter in these cases.
The poor performance of SS in the TEC (Table 1) can now be
attributed to the high Rct and low exchange currents, which
indicates the need for catalytically active electrodes for this
redox couple.
Theoretical model
To provide a more quantitative insight into the factors that
control the whole I–V curve, we can model the TEC using the
fundamental electrochemical relationships between current
and potential under various conditions. To do this we must
determine the total overpotential of the TEC device, Zcell, at any
given current. In the operating device, the electrodes are held at
different temperatures and therefore have different overpotentials
(Zcold and Zhot). The overpotentials are of opposite sign on an
absolute potential scale as one is occurring at the cathode and the
other at the anode, signifying a net result on the cell of a decrease
in the potential difference.
Ecell = Se(Thot  Tcold)  Zcell
Zcell = Zcold + (Zhot) + icellRsol
where Ecell is the potential diﬀerence of the operating device
and icell is the current.
With the magnitudes of the overpotentials present at the hot
and cold electrodes we can calculate the current–potential
relationship of the operating device considering the following
equations:
icold = ihot = icell
where icold and ihot are the currents at the cold and hot
electrode respectively, and using the general formulation for
the current–potential characteristic of each electrode:26
i
io
¼ 1 i
ilim;cathodic
 
eaf Z  1 i
ilim;anodic
 
e 1að Þf Z
where a is the transfer coefficient (assumed to be 0.5), f is equal
to F/RT, Z is the overpotential at the electrode, and in this
context anodic and cathodic indicate the forward and backward
Table 2 Rct and io for the diﬀerent electrodes in the TEC, determined
from EIS measurements at 60 1C and 130 1C
Electrode Temperature/1C Rct (ohms)  10% io (mA cm2)  10%
Pt Black 60 o1 40
130 o1 >1000
PEDOT-Pt 60 o1 >1000
130 o1 >1000
Pt-SS 60 2 21
130 o1 132
Pt 60 4 11
130 o1 85
PEDOT-SS 60 o1 >1000
130 o1 >1000
SS 60 136 0.3
130 24 2
‡ In this paper we have adopted the convention that anodic currents are negative,
in order that the theoretical discussion that follows is consistent with the sign
convention used by Bard and Faulkner, on which much of it is based.
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reactions taking place on each electrode (consistent with the
sign convention used by Bard and Faulkner).26 It is important
to note that the values of Z, ilim,anodic and ilim,cathodic will be
different on each electrode.
Solving this equation for each electrode one can then
calculate the power–potential and current–potential curves.28
The data for a given thermoelectrochemical cell that are needed
are: the number of electrons, n, the two operating tempera-
tures, Thot and Tcold, the active electrode area, A, the exchange
currents, io(hot) and io(cold), the diffusion coefficients, D(ox)cold,
D(red)cold, D(ox)hot and D(red)hot, an estimate of the thickness
of the diffusive layer at the electrode, d, the concentration of the
redox species, cox and cred, the solution resistances (Rsol) and
the Seebeck coefficient, Se. Effectively the diffusion layer thick-
ness is the only unknown, adjustable parameter in the calculation.
The temperature dependence is introduced through a measured Se
and therefore any thermal expansion of the electrolyte that would
result in changes in concentration (mol L1) are included in the
measurement.
The model generally provides a good fit to the experimental
output power for the TECs with the electrocatalytic electrodes
studied here (Fig. 2).
As mentioned above, the non-catalytic SS electrodes showed
the poorest performance in the TEC. To properly assess the
limitation imposed on the performance by using a non-catalytic
electrode, the ratio of io/ilim from the model provides useful
information. The exchange current to limiting current ratio of
the catalytic electrodes, io/ilimZ 16, are much higher than that
of SS, io/ilim E 0.5, indicating that the diﬀusive properties of
the electrolyte provide the major limitation on the current of
the TECs with catalytic electrodes. The model can assist in
demonstrating the eﬀect this ratio has on device performance
(Fig. 3).
If we simulate current–potential curves with io/ilim = N,
1000, 100, 10, 1, 0.1 and 0.01, as shown in Fig. 3, it is evident
that if the ratio is Z10, the current is determined by mass
transfer processes and the charge transfer contributions are
very small. However, when io/ilimo 10 the thermoelectrochem-
ical device exhibits dramatic decreases in current density with
every decrease in order of magnitude of io/ilim, as the charge
transfer resistance impedes the current.
Conclusions
The kinetics of various electrode materials in a thermoelectro-
chemical device were qualitatively and quantitatively investigated
through experiment and theoretical calculation. Thermo-
electrochemical devices utilizing the Con(bpy)3(NTf2)n in the
[C2mim][B(CN)4] ionic liquid required a catalytic electrode
material for optimal performance. However, the use of diﬀerent
electro-catalytic materials resulted in only moderate changes in
maximum power output (ranging from 170 to 240 mW m2).
Thus, the use of more cost eﬀective materials, such as platinized
or PEDOT-coated stainless steel, is a viable option to replace the
solid platinum electrodes. Electrochemical impedance spectro-
scopy showed that all of these electro-catalytic electrodes had a
very low charge transfer resistance, whereas the Rct of the non-
catalytic stainless steel electrodes was considerably higher and
this significantly impacted Pmax of the device.
To further investigate the interplay between the diﬀerent
resistances in the thermoelectrochemical cell, and predict how
this aﬀects device performance, a model has been developed to
calculate the power–potential and current–potential curves. The
results of the experimental and theoretical investigation indicate
that TECs utilizing electro-catalytic electrodes already have a low Rct
and therefore increasing the rates of diffusion of the redox species
(minimizing Rmt) and increasing the Seebeck coefficient will
produced the largest improvements in device performance.
Targeting greater temperature differences, and increasing the
average operating temperature, would also result in larger current
and power outputs. This increase in operating temperature is
enabled by the high thermal stability of many ionic liquids.
Fig. 2 Power–potential difference curves of experimental (large data
points) and simulated (small data points) thermoelectrochemical device
measurements using different electrode materials: Pt Black ( ), PEDOT-Pt
( ) Pt ( ), Pt-SS (), PEDOT-SS ( ), and SS ( ). Thot/Tcold = 130 1C/
60 1C. Diffusion layer thickness is assumed to be 60 mm in each case.
Fig. 3 Current–voltage simulation upon varying the ratio of the exchange
current and limiting current: io/ilim = N ( ), 1000 ( ), 100 ( ), 10 ( ),
1 ( ), 0.1 ( ) and 0.01 ( ). Cell parameters: Thot = 403.15 K, Tcold =
333.15 K, n = 1, A = 0.636 cm2, D(ox)cold = 4.17  107 cm2 s1, D(red)cold =
4.25  107 cm2 s1, D(ox)hot = 1.51  106 cm2 s1, and D(red)hot = 1.35 
106 cm2 s1, d = 60 mm, cox = 0.1 mol L
1 and cred = 0.1 mol L
1, Rsol = 60
ohms and Se = 1.6 mV K
1.14
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